To gain insight into the mechanism by which the sequence at the rne-dependent site of substrate RNA affects the substrate specificity of Escherichia coli RNase E, we performed kinetic analysis of the cleavage of precursor M1 RNA molecules containing various sequences at the rne-dependent site by the N-terminal catalytic half of RNase E (NTH-RNase E). NTH-RNase E displayed higher K m and k cat values for more specific substrates. The retention of single strandedness at the rne-dependent site was essential for cleavage efficiency. Moreover, the loss of single-strandedness was accompanied by a decrease in both the K m and k cat values.
RNase E, which was initially identified during the processing of 5S rRNA from the 9S rRNA precursor in Escherichia coli (1) , is an essential 118-kDa protein of 1,061 amino acid residues (2, 3) . The importance of this enzyme in RNA processing, cell viability, and decay of mRNA is well characterized (4) (5) (6) (7) (8) . Since RNase E is involved in both RNA processing and degradation, substrate discrimination by RNase E is essential for its cellular functions. RNase E can be divided into two functionally distinct regions: an amino-terminal half (NTH) containing residues 1-498, and a carboxyl terminal half (CTH) involving residues 499-1061. NTH-RNase E carries the catalytic activity of the enzyme (9) and has high sequence similarity to the E. coli RNase G protein (10) . On the other hand, CTH-RNase E contains an argininerich RNA binding domain (9, 11) and functions as a platform for the assembly of the E. coli degradosome complex (12) (13) (14) .
A consensus sequence of [A/G]AUU[A/U], designated the rne-dependent site, is recognized and cleaved by RNase E (15) . This site has been reported to be located in a single-stranded region rich in U and A nucleotides (16) (17) (18) . However, no simple relationship has been established between the sequence and cleavage efficiency. A number of reports show that the primary sequence at the rne-dependent site is insufficient to account for cleavage specificity by RNase E (19) (20) (21) (22) . Other investigators have demonstrated that secondary structures such as stemloops control susceptibility to RNase E cleavage, possibly by altering the single-strandedness of the binding site or its accessibility to the site (23) (24) (25) .
M1 RNA of 377 nucleotides, the catalytic subunit of RNase P (26) , is generated by processing precursor M1 RNA (pM1 RNA) of 413 nucleotides and, to a lesser extent, 414 nucleotides (27) (28) (29) (30) (31) . We recently reported that RNase E directly participates in M1 RNA processing, although unidentified cellular factors are required to control complete maturation (32) . A pentanucleotide, GAUUU, identified as an rne-dependent motif, is positioned immediately 3′ to the processing site of pM1 RNA (30) and it matches well with the consensus sequence, [A/G]AUU[A/ U] (15). This sequence functions as a major factor for determining processing efficiency of pM1 RNA in vivo and in in vitro experiments using cell extracts (30, 33) . Although the importance of the rne-dependent site for RNase E cleavage has been recognized, little is known about the mechanistic basis for substrate specificity. To gain insight into this mechanism, in the present study, we analyzed cleavage of rne-dependent site variants of p23 RNA (30), a truncated pM1 RNA, by NTH of RNase E. Our results provide a step towards elucidating the mechanistic basis for target specificity of RNase E, and the role of the rne-dependent site in this process, which is a prerequisite for understanding multifunctional roles of RNase E in RNA metabolism within the cells.
MATERIALS AND METHODS
Bacterial Strains and Plasmid-E. coli JM109 (34) was used for the construction of plasmids. E. coli BL21(DE3) (35) was the strain utilized to express recombinant NTHRNase E. Plasmid pSPd23 contains the SP6 promoter linked to the 5′-end of the internally deleted M1 RNA coding sequence, and a DraI site at position +415 (30) . Plasmids pSP-RNE(GUUUU) and pSP-RNE(UUUUU) are derivatives of pSPd23 containing the corresponding mutations at the rne-dependent site (32) . The pSP-DN1 plasmid is another derivative of pSPd23 with mutations at the terminator region that disrupt the stem structure J. Biochem. (30) . pRNEN is an expression plasmid for NTH-RNase E (32) .
Expression of Recombinant NTH-RNase E-His-tagged NTH-RNase E was expressed using BL21(DE3) cells containing pRNEN, and the resulting recombinant protein was purified, as described previously (32) .
Site-Directed Mutagenesis-Site-directed mutagenesis at the rne-dependent site or/and other sites was performed according to the QuikChange ® Site-Directed Mutagenesis kit protocol (Stratagene). The oligonucleotides used for constructing mutant plasmids are summarized in Table 1 . Plasmid pSP-RNE(UUUUU)-DN1 was generated using pSP-DN1 as a template. The templates for pSP-RNE(UUUUU)-DN3 and pSP-RNE(UUUUU)-DN34 were pSP-RNE(UUUUU) and pSP-RNE(UUUUU)-DN3, respectively. The pSP-RNE(AAUUU), pSP-RNE(CAUUU), and pSP-RNE(UAUUU) plasmids were generated using pSPd23 as a template.
RNA Substrate Preparation-DraI-linearized plasmids employed in this study were used as templates for in vitro synthesis of p23 RNA variants by SP6 RNA polymerase (33) . For RNase H probing, in vitro transcripts were labeled at the 3′-end with [ 32 P]pCp and T4 RNA ligase. In addition, in vitro transcripts were internally labeled with [α-32 P]CTP for RNase E cleavage assay, as described (36) .
RNase E Cleavage Assay-The RNA substrate (0.2 pmol) was incubated with purified NTH-RNase E (10 ng) in RNase E buffer (50 mM Tris-HCl, pH 7.5, 20% (v/v) glycerol, 1 mM EDTA, 0.5 M NaCl, 0.5% Triton X-100) in a total volume of 50 µl. The mixture was incubated at 30°C. At the end of reaction, reaction products were extracted with phenol:chloroform:isoamyl alcohol (25:24: 1), ethanol-precipitated, and dissolved with 10 µl of sequencing gel loading buffer. Samples were heated at 85°C for 5 min, chilled on ice, and loaded onto 5% polyacrylamide sequencing gels containing 8 M urea. Quantitative analysis was performed using an Image Analyzer BAS1500 (Fuji).
Kinetic Analysis-To determine the steady-state kinetic parameters of RNase E hydrolysis, RNA substrates were incubated with 1 nM NTH-RNase E in RNase E buffer at 30°C for 5 to 20 min. Under these conditions, the initial rate approached its maximum, and less than 30% substrates were converted to processed products. The substrate concentrations varied from 200 nM to 2 µM. Reactions were initiated by the addition of an enzyme diluted in RNase E buffer. Reaction mixtures were incubated in RNase E buffer. The reaction was terminated by adding an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), and the processed products and remaining substrates were separated on a 5% polyacrylamide/8 M urea sequencing gel. Their amounts were determined by intensity analysis with an image analyzer BAS1500 (Fuji). Kinetic parameters (K m and k cat ) were calculated by non-linear regression fitting of data to hyper 1.1w (a program for the analysis of enzyme kinetic data provided by J.S. Easterby), based on the Michaelis-Menten equation, as shown in Eq. 1.
Whereby v is the initial rate, [S] is the substrate concentration, and [E] is the total enzyme concentration.
RNase H Probing-For RNase H probing, 0.5 pmol of RNA substrates labeled at the 3′-end with [ 32 P]pCp were preincubated at 37°C for 10 min, then annealed to 10 pmol of oligonucleotides complementary to the region containing the rne-dependent site. The oligonucleotides used in the annealing reactions for RNAs were as follows: 5′-GTAAATCAGGT-3′ targeted to GAUUU, 5′-GTAAA-ACAGGT-3′ targeted to GUUUU, 5′-GTAAAAAAGGT-3′ targeted to UUUUU, and 5′-GTAGGGCAGGT-3′ targeted to GCCCU. The complementary regions are underlined. When necessary, RNA was heated at 80°C for 10 min and quickly chilled on ice before the annealing reaction to disrupt its secondary structure. Annealing was performed in 20 µl of RNase E buffer at 37°C for 10 min. Hybrids were treated with 0 to 1 unit of RNase H (Promega) for 10 min at 37°C in 50 µl of RNase E buffer. Following phenol:chloroform extraction and ethanol precipitation, RNA was fractionated on a 10% polyacrylamide/8 M urea sequencing gel and visualized by autoradiography.
RESULTS

Kinetic Analysis of Cleavage of Substrates with U-Rich
Substitutions at the rne-Dependent Site-We employed p23 RNA, a truncated pM1 RNA, as a model substrate for kinetic analysis of NTH-RNase E (Fig. 1) . Based on the Table 1 . Oligonucleotides used for site-directed mutagenesis * Specific mutagenic primers (listed in the 5′ to 3′ direction) were designed at http://labtools.stratagene.com/QC. Mutations are depicted in bold.
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finding that the sequence of the rne-dependent site is recognized by RNase E (15), we used variants of p23 RNA mutated at the rne-dependent site for determining substrate specificity. In this regard, p23 RNA is an ideal substrate, since a single-stranded region of 11 nucleotides (including the rne-dependent site) is flanked by two stable stem structures, specifically, the upstream P1 stem and the downstream terminator stem ( Fig. 1; Ref. 30) . Therefore, variations at the rne-dependent site are expected to have minimal effects on the maintenance of its single-stranded nature. We previously showed that the rne-dependent site of p23 RNA is the major factor determining the efficiency of processing to mature RNA, either in the cell or in in vitro experiments using a 40% ammonium sulfate precipitate of the S30 fraction (ASP-40) (33) . Two U-rich substrates containing the sequences "GUUUU" and "UUUUU" were selected in this study, since their in vivo processing efficiencies are similar to that of the wild-type GAUUU sequence (33) . Initially, the time-course of cleavage by NTH-RNase E was examined (Fig. 2) . NTH-RNase E displayed the highest activity for wild-type GAUUU. NTH-RNase E activity on the GUUUU variant was comparable to that for the wild-type. However, the activity of NTH-RNase E on the UUUUU variant was significantly lower. This lower activity is inconsistent with the wild-type level of processing efficiency of the UUUUU derivative in vivo (33) .
We compared the kinetic parameters of the cleavage of the wild-type substrate, GUUUU, and UUUUU derivative ( Table 2) . As expected, the highest k cat /K m value was obtained with the wild-type substrate, and the lowest with the UUUUU derivative. Interestingly, both K m and k cat values were high for the substrate cleaved with higher efficiency.
The possible loss of single-strandedness at the rnedependent site of the GUUUU and UUUUU variants might have influenced cleavage efficiencies by NTH- Labeled RNA substrates were incubated at 30°C with purified NTH-RNase E (10 ng). The reaction products were withdrawn at the indicated time-periods and separated on a 5% polyacrylamide sequencing gel. (B) Product conversion percentages (%P) were calculated from the ratio of processed RNA to that of total input by quantifying gels with an Image Analyzer.
RNase E, since U-rich sequences can base-pair with the A-rich sequences present in the terminator stem. Thus, we assessed single-strandedness at the rne-dependent site in these variants by hybridization with complementary oligonucleotides followed by RNase H treatment, which led to cleavage of single-stranded RNA regions hybridized to the oligonucleotides (Fig. 3) . Both the GUUUU variant and wild-type substrate were cleaved at the rne-dependent site by RNase H, suggesting that the rne-dependent sites maintain single-strandedness. However, the UUUUU variant was not cleaved by RNase H. When the UUUUU variant was heated at 80°C to disrupt its secondary structure, RNase H digested this variant. These findings suggest that single-strandedness of the rne-dependent site in the UUUUU variant was lost. It is expected that the UUUUU sequence base-pairs with AAAAA at positions 387 to 391 in the lower part of the terminator stem (Fig. 1B) . Accordingly, we introduced the UUUUU sequence at the rne-dependent site of p23 RNA-DN1, where the terminator stem has already been mutated to disrupt the structure of this region (Fig. 1B) . The resulting variant, p23 RNA(UUUUU)-DN1 (Fig. 1B) , was additionally cleaved by NTH-RNase E at a site near position +386 (Fig. 4) . This is because the GUUUA sequence introduced by the DN1 mutation functions as a new rne-dependent site. The GUUUA sequence was mutated to UAUAU to generate p23 RNA(UUUUU)-DN3 (Fig. 1B) . This variant was also cleaved near position +386, but with lower efficiency because of the sequence change at the new rne-dependent site (Fig. 4) . We introduced another compensatory substitution in the terminator stem that restored base-pairing in the terminator stem of p23 RNA(UUUUU)-DN3. The resulting variant, p23 RNA(UUUUU)-DN34, was exclusively cleaved at the original rne-dependent site (Figs. 1 and 4) . This finding suggests that loss of single-strandedness at the new rnedependent site made it a poor target. Single-strandedness at the original rne-dependent site in p23 RNA(UUUUU)-DN34 was confirmed by an RNase H digestion experiment (Fig. 3) . p23 RNA(UUUUU)-DN34 was cleaved more efficiently than p23 RNA(UUUUU), indicating that the loss of single-strandedness at the original rne-dependent site in p23 RNA(UUUUU) also led to the decrease of cleavage efficiency. Accordingly, all the data suggest that the retention of single-strandedness at the rne-dependent site is required for efficient cleavage.
We compared the apparent kinetic parameters of cleavage of p23 RNA(UUUUU) and p23 RNA(UUUUU)-DN34 (Table 2 ). Higher K m and k cat values were obtained for p23 RNA(UUUUU)-DN34 that was cleaved with higher efficiency. However, the cleavage of p23 RNA(UUUUU)-DN34 was less efficient than that of the wild-type GAUUU and the GUUUU variant (Table 2) . This means that the low cleavage efficiency of the UUUUU variant results from the sequence itself at the rne-dependent site. Therefore, we conclude that the UUUUU sequence at the rne-dependent site is a poor target for NTH-RNase E.
Effect of G378 Substitution on the Cleavage Rate and Site Selection-The oligonucleotide-based assay revealed that a G nucleotide positioned in close proximity to the scissile bond in the rne-dependent site facilitates efficient cleavage by RNase E (37, 38) . Although the oligonucleotide-based assay is valuable for probing G-specificity, it is unknown whether this specificity is applicable to naturally occurring RNA substrates. To answer this, we employed p23 RNA as a model RNA substrate. The first G nucleotide of the rne-dependent site was replaced with either A, C or U. Time-course experiments were performed with the four substrates (Fig. 5) . The G substrate (wild-type) was cleaved most efficiently. The A and U substrates were cleaved least efficiently. On the other hand, the C substrate was cleaved with moderate efficiency. We conclude that G or C is preferable to A or U as the first nucleotide of the rne-dependent site. The alteration of the first G nucleotide modified the cleavage site in some cases. The C substrate generated the major processed product with the 3′ end at +379, similar to the wild-type G substrate, while the A and U substrates generated a product with the 3′ end at +377. This result is consistent with in vitro data on ASP-40 showing that variants with A/U at the first nucleotide at the rne-dependent site generate +377/+378 products, while the wild-type substrate produces +378/+379 products (33) . We additionally compared the apparent kinetic parameters of these first nucleotide variants ( Table 2 ). The order of k cat /K m and for the four substrates is GAUUU>CAUUU>AAUUU ≅UAUUU, as expected. Again, the substrates with higher k cat consistently displayed higher K m values.
DISCUSSION
Precursor M1 RNA has an rne-dependent site downstream of the processing site. Sequence variation at this site affects substrate specificity within the cell or under in vitro conditions (30, 33) . We previously showed that RNase E is directly involved in this processing (32) . Therefore, RNase E is responsible for determining substrate specificity, according to the sequences at the rnedependent site. In this study, as an initial step in understanding the mechanism by which substrate specificity of RNase E is determined, we performed kinetic analysis of the cleavage of rne-dependent site variants of p23 RNA, as a natural substrate, by NTH of RNase E. The wildtype GAUUU sequence was cleaved efficiently among the variants tested, with the highest K m and k cat values. Substrates with higher K m values had higher k cat values. Studies using partially purified RNase E activities for T4 gene 32 and rpsT mRNA substrates have suggested that single-strandedness at the rne-dependent site is important for efficient cleavage (15, 20, 21) . Here we confirmed the importance of single-strandedness at the rne-dependent site using the purified NTH-RNase E. The loss of single-strandedness at the rne-dependent site led to decreased cleavage efficiency with decreased K m and k cat values. Therefore, the rule that substrates with higher K m have higher k cat is also applicable to those with different structures at the same rne-dependent site. The UUUUU derivative is a poor substrate for NTHRNase E. However, this derivative is processed with the same efficiency as the wild-type in vivo. The reason for this discrepancy between in vitro and in vivo cleavage efficiency remains to be clarified. It is known that cellular factors are required for modifying the cleavage site specificity of NTH-RNase E (32) . Similarly, other unidentified factors may be involved in the processing of this Urich substrate. However, RNase G, a homolog of NTHRNase E, does not seem to be involved in processing the UUUUU substrate in vivo, because RNase G did not efficiently cleave this substrate in vitro either (Kim, K., unpublished observations).
NTH-RNase E preferred G/C to A/U as the first nucleotide of the rne-dependent site of p23 RNA. This result is rather surprising, since RNase E is known to prefer A/Urich sequences for recognition (16) (17) (18) 30) . Furthermore, this result differs from the data of the oligonucleotidebased assay that the C substitution does not cause cleavage (38) . This difference may imply that NTH-RNase E differentially recognizes oligonucleotides and natural substrates.
The high K m values for better substrates may be associated with the possibility that the product release becomes rate-limiting in our NTH-RNase E reaction conditions. In this case, the measured k cat could be defined by the magnitude of the rate constant for dissociation of the enzyme-product complex. Since the value of the rate constant for dissociation of the enzyme-product complex is close to that for dissociation of the enzyme-substrate complex, higher K m would lead to higher observed k cat . However, we did not find a linear relationship between the two parameters. Therefore, it is unlikely that the simultaneous change of K m and k cat values simply results from rate limiting of the product release in the NTHRNase E reaction. An alternative explanation is that ES complexes with higher K m values would be at higher energies than those with lower K m values if K m is treated as an apparent dissociation constant of the enzyme-substrate complex (39) . In this case, high K m values would result in the enzyme-substrate complex being a "step up the thermodynamic ladder," as suggested by Fersht (39) . The high K m value for more specific substrates may reflect the lack of specific binding ability of NTH-RNase E to target RNA molecules and consequently the requirement of the arginine-rich domain of RNase E for the specific binding (37) .
